Objective: IGF-I may be a marker of later metabolic and cardiovascular disease. The interactions between IGF-I and glucose metabolism are multifactorial, and there is potential confounding from several secondary effects. In this study, we examined the interaction between IGF-I and glucose metabolism in a large cohort of clinically well-characterized elderly twins. Design: A total of 303 twin pairs of the same gender (606 twins) were included in the study; 125 monozygotic and 178 dizygotic twin pairs. Methods: A clinical examination including a standard oral glucose tolerance test (OGTT) and anthropometric measurements was performed. Results: The heritability estimates were high for IGF-I and IGFBP-3 (h 2 : 0.65 (95% CI: 0.55-0.74) and 0.71 (0.48-0.94), respectively) and for insulin secretion (h 2 = 0.56, P < 0.0001), whereas the heritability estimates for insulin sensitivity were low (h 2 = 0.14, P = 0.11). In a multiple regression analysis (adjusting for age, gender and twin status), there was a negative association between IGF-I and insulin sensitivity (B: −0.13, SE 0.03, P < 0.0001) and IGF-I and disposition index (B: −0.05, SE 0.02, P < 0.001) in the entire cohort of 606 twins. The associations between IGF-I and both DI and HOMA-S did not differ between the DZ and MZ twins. Forty-five twin pairs were discordant for T2D, but the discordant twins had similar concentrations of IGF-I or IGFBP-3. Conclusions: There was a high heritability for IGF-I and IGFBP-3, but a low heritability for insulin secretion and insulin sensitivity in a group of elderly twins. In addition, we found a strong negative relationship between IGF-I and insulin sensitivity, which did not seem to be strongly genetically determined.
Introduction
There is emerging evidence that adult height may be a predictor of later disease (1) . Around 80% of the variability of height is genetically determined and GWAS studies have found hundreds of common genetic variants that may determine height (2) . However, several environmental factors such as the fetal environment and lifestyle factors also have a great impact on adult height. Insulin and insulin-like growth factor-I (IGF-I) signaling pathways have been suggested to be involved in the association between height and later disease. IGF-I mediates many of the actions of growth hormone (GH) on growth, development and cell differentiation, but in addition, IGF-I has distinct metabolic actions (3) . Epidemiological studies suggested that lower concentrations of IGF-I may be a biomarker of development of cardiovascular disease (CVD) (4) and diabetes (5, 6, 7) and other studies found that higher levels of IGF-I were associated with risk of cancer (8) . However, recent studies and a large metaanalysis suggest a U-shaped association between IGF-I and all-cause mortality (9, 10) as well as cancer (10) , CVD (11) and diabetes (12, 13) meaning that both subjects with low and high concentrations of IGF-I may have an increased risk of disease. Hepatic insulin plays a role in promoting IGF-I generation (5, 6 ) and the U-shaped association between IGF-I and type 2 diabetes may be due to the changes of beta cell function and thereby insulin secretion over time. Thus, a person with insulin resistance have increased levels of insulin in the portal circulation, and this may drive an increase in hepatic IGF-I secretion, whereas at a later stage when this person develop type 2 diabetes, the insufficient beta cell function may have the reverse effect on IGF-I. Many of the large epidemiological studies include patients with normal glucose tolerance (NGT), impaired glucose tolerance (IGT) and type 2 diabetes (14) .
Former twin studies have revealed that the variation of IGF-I and the binding protein IGFBP-3 levels are highly genetically determined with heritability estimates of 63% and 60%, respectively (15, 16, 17) . Studies of elderly twins showed similar IGF-I levels in the twin pairs (18) , which suggests that IGF-I concentrations in each individual may follow a genetically determined trajectory throughout life. In contrast, heritability estimates for the binding protein IGFBP-1, which is regulated by insulin levels, were 36% and 48% for insulin, which suggests that IGFBP-1 and insulin levels may be determined by environmental factors such as lifestyle more than genetic factors (15, 19) .
There is increasing evidence that the GH/IGF-I axis plays a role in normal glucose homeostasis, which may be determined by common genetic pathways. In a population-based cohort, a polymorphism in the IGF1 gene was associated with lower height, lower birth weight, lower serum levels of IGF-I and an increased risk of type 2 diabetes and myocardial infarction (20, 21) , but controversy exists (22) . In addition, a meta-analysis of genome-wide data found that a SNP near the IGF1 gene, that may influence IGF-I expression levels, was associated with fasting insulin and insulin resistance (23) .
The strong genetic influence on IGF-I levels throughout life and the associations between genetic variations in the IGF1 gene and insulin could indicate that shared genetic influences are involved in the relation found between IGF-I and glucose metabolism. However, the interactions between IGF-I and insulin sensitivity and secretion are considered multifactorial, and there is potential confounding from numerous secondary effects.
The aim of this study was to assess genetic vs environmental influences on the association between IGF-I parameters, insulin secretion and insulin sensitivity in a large cohort of elderly twins.
Subjects and methods

Subjects
The twins who participated in this study were identified through the Danish Twin Register (24) , details about the sampling of the cohort have been published in detail previously (25) . A total of 303 twin pairs of the same gender (606 twins) were included in the study; 125 monozygotic (men: 62, women: 63) and 178 dizygotic twin pairs (men: 86, women: 92) participated in the clinical examination including a standard oral glucose tolerance test (OGTT) and anthropometric measurements (previously reported in detail 25, 26, 27, 28) . The mean age among the twin sample was 67.0 years (range 55-74 years). Zygosity status was established by the similarity method where twins were asked about physical similarity and mistaken identity (29) .
As previously described, 79 subjects had T2D defined by either 120-min glucose >11.1 mmol/L or history of diabetes diagnosed at 40 years or older who did not receive insulin treatment within the first year of onset. Of these 79 subjects, 43 (54%) were diagnosed in the study and 36 had known T2D (mean duration of T2D was 6 year (range: 1-14) for DZ and 8 year (range: 1-19) for MZ). A total of 71 subjects had a 120-min glucose >11.1 mmol/L in the study. In addition, 129 subjects had impaired glucose tolerance (IGT) defined by 120-min glucose >7.8 and <11.1 mmol/L and 398 subjects had a normal glucose tolerance (NGT) defined by 120-min glucose <7.8.
The protocol was approved by the regional ethics committees and the study was conducted according to the principles of the Helsinki declaration.
Methods
Weight and height were measured with the subject in light clothing without shoes, and body mass index (BMI) was calculated (weight (kg)/height (m circumference was measured using a soft tape midway between the lower ribs and the iliac crest on the standing subjects. Hip circumference was measured over the widest part of the gluteal region, and the waist/hip ratio (WHR) was calculated accordingly.
Subjects underwent a standard 75 g oral glucose tolerance test (OGTT) after a 10-to 12-h overnight fast. Peripheral venous blood was taken before oral glucose ingestion and 30 min and 120 min later.
Plasma glucose concentrations were analyzed by the glucose dehydrogenase oxidation method. Plasma insulin concentrations were measured using a two-site, two-step, time-resolved immunofluoremetric assay (DELFIA) as described previously (26, 28) . Intra-assay coefficients of variation were 3.6-4.3% and the inter-assay coefficients of variation were 1.7-3.4% for plasma insulin.
Plasma insulin-like growth factor-I (IGF-I) and the binding proteins IGFBP-1 and IGFBP-3 were analyzed using the commercially available immunoradiometric assays (Diagnostic Systems Laboratories, Webster, TX, USA). The inter-assay coefficients of variation for total IGF-I, and IGFBP-3 were 8.2 and 1.9%, respectively and the intra-assay coefficients of variation for total IGF-I and IGFBP-3 were 3.4 and 3.9%, respectively. For IGFBP-1, the intra-assay coefficient of variation was 3.4% while the inter-assay coefficient of variation was 8.1%.
Calculations
BMI was computed using the formula, weight (kg)/ height (m 2 ). Insulin sensitivity (IS) was estimated from fasting glucose (average of −10, −5 and 0-min samples) and insulin values by homeostatic model (HOMA) using the HOMA 2 calculator (http://www.dtu.ox.ac.uk/ homacalculator/index.php). Insulinogenic index was calculated from the OGTT as the ratio of the increment in insulin concentration to the increment in glucose after 30 min (ins30'-ins0'/glu30'-glu0'). Disposition index (DI) provided an estimate of insulin secretion adjusted for the degree of IS and was calculated as the product of IS and insulinogenic index. Matsuda index provided an approximation of whole-body insulin sensitivity from OGTT using fasting glucose and insulin and mean values of glucose and insulin (ISI Matsuda = 1000/√G 0 I 0 G mean I mean ).
Impaired glucose intolerance (IGT) was defined according to the current WHO criteria: fasting venous plasma glucose concentration <7.8 mmol/L and a 120 min post OGTT plasma glucose between 7.8 and 11.1 mmol/L (ref). Type 2 diabetes (T2D) was defined by either (1) diagnosis of diabetes at the age of 40 years or older and current treatment with antidiabetic agents or diet or (2) meeting the WHO criteria; a fasting venous plasma glucose concentration ≥7.8 mmol/L and/or 2 h post OGTT venous glucose concentration ≥11.1.
Statistical analysis
Heritability (h 2 ) expresses the proportion of total variation of a trait attributable to genetic variation and can be estimated by comparing the correlation of a given phenotype within monozygotic twin pairs with the similarity within dizygotic twin pairs. To calculate interclass correlations we computed Pearson correlations for all pairs of variables that were reasonably approximated by the normal distribution and also compared with Spearman rank correlations.
To study this relationship between variables, we used a marginal linear regression using generalized estimating equations for MZ and DZ twins separately and combined the estimates to adjust for the possibility that MZ and DZ twins have different correlations. When combining the estimates for MZ and DZ twins, we first checked that estimates were not significantly different; this test is equivalent to comparing the intraclass correlation between the considered variables and is a test for a shared genetic component between the variables.
We used R and the Mets package for twin modeling.
Results
Interclass correlations
Clinical characteristics of the entire cohort divided according to gender are presented in Table 1 . Males had significantly higher IGF-I and IGFBP-3 levels (P < 0.0001), which is in accordance with former studies (Table 1) . Males had significantly lower IGFBP-1 levels (P < 0.001) and fasting glucose was significantly higher (P < 0.0001), whereas there was no difference in fasting insulin levels or insulin sensitivity determined by HOMA-S (Table 1 ). All examined twin pairs (MZ 125; DZ 178) were included in the calculation of interclass correlations. The interclass correlations for IGF-I were r = 0.65 for MZ and r = 0.33 for DZ (Fig. 1A and Table 2 ) and the interclass correlations for IGFBP-3 were r = 0.83 for MZ and r = 0.47 for DZ (Fig. 1B and Table 2 ). The difference in interclass
www.eje-online.org correlation for IGF-I and IGFBP-3 between the two zygosities were highly significant (P < 0.0001) and the heritability estimates were very high; h 2 = 0.65 for IGF-I and h 2 = 0.71 for IGFBP-3 ( Table 2 ). There was also high heritability estimates for insulin secretion determined by insulinogenic index h 2 = 0.56, P < 0.0001 (Table 2 ). In contrast, no significant differences in interclass correlations were found for IGFBP-1 ( Fig. 1C and Table 2 ) and insulin sensitivity (HOMA-S) ( Fig. 1D and Table 2 ) and indicating a relatively small genetic contribution to variation of these metabolic variables. The interclass correlations for the interaction between insulin secretion and insulin sensitivity determined by DI were r = 0.44 for MZ and r = 0.22 for DZ (P < 0.0001) and the heritability estimate was h 2 = 0.44 (Table 2) . Birth weight (BW) was available in 123 twin pairs (52 MZ and 71 DZ twins), but there was no information on gestational age. The interclass correlations for BW were r = 0.66 for MZ and r = 0.55 for DZ leading to a low heritability (h 2 = 0.21).
All calculations of heritability were adjusted for age and gender for all variables, this did not alter any of the results and the unadjusted results are therefore presented. 
Concordance
In the entire cohort of MZ twins (125 twin pairs), 45 twin pairs (n = 90 twins) were discordant for T2D (i.e. one twin with T2D and the other twin with non-diabetic glucose tolerance). As expected, there were significant differences in the parameters related to glucose metabolism outcomes between twin pairs discordant for T2D (data not shown).
In contrast, there were no significant differences in IGF-I concentrations; median 16.65 (25-75% range; 14.9-22.3) vs 17.17 (14.0-25.1) P = 0.84 and IGFBP-3 concentrations; median 3.33 (2.9-3.9) vs 3.29 (2.7-3.9) between those with T2D and the non-diabetic twins, respectively. The group of non-diabetic twins included twins with IGT, however, excluding the group with IGT did not alter the results.
Associations between IGF-I and glucose metabolism
In the entire cohort of twins, IGF-I was positively correlated to fasting insulin (β: 0.20, SE 0.23, P < 0.0001) and fasting glucose (β: 0.14, SE 0.08, P < 0.0001) and negatively correlated to insulin sensitivity (HOMA-S) (β: −0.21, SE 0.23, P < 0.0001) (Fig. 2) and DI (β: −0.14, SE 0.41, P = 0.001), whereas there was no correlation between IGF-I and insulin secretion (insulinogenic index) (β: −0.03, SE 0.38, P = 0.52). In addition, IGF-I was positively correlated to IGFBP-3 (β:0.51, SE 0.67, P < 0.0001) and negatively correlated to IGFBP-1 (β: −0.38, SE 0.21, P < 0.0001). When adjusting the analyses for age, gender and twin status in a multiple regression analysis IGF-I remained negatively associated to insulin sensitivity determined by HOMA-S (B: −0.13, 95%CI SE 0.03, P < 0.0001), the Matsuda index (B: −0.11, SE 0.03, P < 0.0001) and DI (B: −0.05, SE 0.02, P < 0.001) in the entire cohort of 606 twins. In contrast, there was no association between IGF-I and insulin secretion determined by insulinogenic index (P = 0.45). The associations between IGF-I and insulin, glucose, HOMA-S and DI did not differ between the DZ and MZ twins. All the results were consistent after excluding the subjects with IGT and T2D.
Discussion
In this large cohort of elderly twins, we confirmed a strong heritability of IGF-I and IGFBP-3 as found in former studies on both newborn and elderly twins (15, 16, 30) and a strong heritability for insulin secretion and disposition index, whereas the heritability for insulin sensitivity and IGFBP-1 were small and non-significant. In the 45 twin pairs, who were discordant for type 2 diabetes, metabolic parameters varied greatly, but the concentrations of IGF-I were similar among the twin with T2D and the twin without. However, in the entire cohort of twins, IGF-I was negatively associated with insulin sensitivity (adjusted for age, gender and twin status), which did not differ between MZ and DZ twins. The lack of effect of zygosity on this relationship could indicate that alterations in IGF-I levels associated with abnormalities in glucose metabolism may be mediated primarily by environmental rather than genetic factors. However, a limitation of our twin study is that the study was a cross-sectional study and therefore cannot give evidence of causality but can generate and confirm hypotheses. Furthermore, our study included participants with defined differences in glucose metabolism at the time of the study (NGT, IGT and T2D twins). The relation between levels of IGF-I and insulin sensitivity does not necessarily imply causation, it may instead be a possible 'reverse causation' in which the levels of IGF-I may reflect alterations caused by insulin resistance or by a compensatory mechanism.
IGF-I and insulin share significant structural homology and downstream pathways, their receptors are homologous and form heterodimers, which can bind both ligands. IGF-I secretion is mainly regulated by GH stimulation and nutrition, but findings in prospective studies determined that hepatic insulin plays a role in promoting IGF-I generation (5, 6, 31, 32) . However, in Table 2 Interclass correlations and heritability estimates for anthropometric and metabolic variables in monozygotic (n = 125) and dizygotic (n = 178) twin pairs. Data are presented as interclass correlation or heritability estimates (95% confidence interval). this cohort of twins, there were no significant differences in IGF-I concentrations between twins discordant for type 2 diabetes and the positive association between IGF-I and insulin sensitivity remained even after excluding twins with IGT and type 2 diabetes. Furthermore, IGF-I circulates in the blood bound to six high-affinity binding proteins (IGFBPs). Insulin controls the concentration of IGFBP-1 because it downregulates the hepatic production of IGFBP-1 (33) and therefore increased insulin levels due to insulin resistance will reduce IGFBP-1 levels and thereby increase IGF-I bioavailability. In the current twin study, we found a positive association between IGF-I and fasting insulin but no association between IGF-I and insulin secretion. In contrast, IGF-I was negatively associated with insulin sensitivity, which was somewhat controversial as former studies have shown a positive association between the IGF-I concentration and insulin sensitivity (32, 34) . However, a recent cross-sectional study in a large population discovered a U-shaped association between serum IGF-I levels and insulin resistance (14) . In addition, analysis of two prospective cohort studies including more than 7000 non-diabetic subjects revealed an association between low IGF-I at baseline and an increased incidence of diabetes at follow-up, but this association became insignificant after adjustment for metabolic markers such as abdominal obesity, hypertension, glucose and dyslipidemia (35) . Thus, the interaction between IGF-I and insulin sensitivity is complex and many of the large cohort studies are confounded by including subjects over a large span of age, BMI and metabolic status. The physiological role of IGF-I on insulin sensitivity, observed from studies on IGF-I therapy revealing that IGF-I improves insulin sensitivity in normal subjects as well as in patients with GHD (36), could be another possible mechanism explaining the negative relation between IGF-I and insulin sensitivity found in our study. Treatment with rh-IGF-I in patients with diabetes improves insulin sensitivity significantly, insulin requirements are reduced and control of glucose and dyslipidemia is generally improved (37, 38) . In addition, a former study on healthy non-obese male volunteers selected by IGF-I levels showed that those with IGF-I levels in the lowest quartile of normal distribution had lower fasting insulin levels and greater hepatic insulin sensitivity compared to those in the highest quartile (39) . Furthermore, we and others have shown that children born small for gestational age (SGA) who had higher IGF-I concentrations had a lower insulin sensitivity and a poor growth response to rhGH treatment (40, 41) . To confirm this association, we used the Mendelian randomization approach in a group of SGA children and found an independent association between alleles coding for insulin sensitivity and first year height velocity and IGF-I responses to rhGH suggesting a causal link between insulin sensitivity and IGF-I (42). Metabolic markers may be part of the causal pathway in the relation between IGF-I and diabetes, but it is also possible that IGF-I is truly confounded by obesity because obesity has a major blunting effect on the GH secretion, whereas circulating IGF-I levels will stay unaffected (43) . Patients with T2D have a broad range of serum IGF-I concentrations and multiple variables may interact to regulate IGF-I levels such as inflammatory cytokines, decreases in hepatic insulin action due to insulin resistance, concomitant changes in IGF-binding proteins and the effects of obesity on GH secretion. In the current study, we found higher levels of IGF-I in the entire group of twins with T2D compared to those with normal glucose tolerance, whereas there was no difference in IGF-I levels between those with IGT and normal glucose tolerance. When comparing the monozygotic twin pairs discordant of IGT and T2D, they had similar IGF-I levels and there was no difference in BMI between the groups. A large meta-analysis showed a high heritability of 72% for type 2 diabetes (44). However, a recent study of more than 4000 monozygotic twin pairs discordant for BMI revealed that twins with higher BMI had an increased risk of onset of type 2 diabetes, which suggests that environmental factors are important as well (45) .
Adult height has been proposed as a predictor of later disease and a large meta-analysis among more than one million people found that increased height was associated with increased risk of cancer but decreased risk of cardiovascular disease (1) . The variability of height is mainly genetically determined (2), but several environmental factors such as the intrauterine environment, nutrition and other lifestyle factors may have a great impact on adult height. Insulin and IGF-I signaling pathways have been suggested to play an important role in the relation between height and later disease and previous findings suggest that each individual may follow a genetically determined trajectory throughout life. In our twin study, we confirmed that the high heritability of IGF-I, IGFBP-3 and insulin secretion persist into late in life, which confirms that the circulating levels of IGF-I and insulin may maintain relatively constant throughout life. A better way to study the difference in genetic and environmental factors is to include twin pairs reared apart or together to determine non-shared environmental influences. A Swedish study on 248 pairs of middle aged and elderly twins found that the phenotypic association between IGF-I and insulin and IGFBP-1 were caused by environmental effects (30) ; however, this study did not examine insulin secretion or insulin sensitivity.
In conclusion, we confirm the high heritability of IGF-I, IGFBP-3 and insulin secretion, which suggests that the levels of IGF-I in each individual may follow a trajectory throughout life, whereas the genetic factors played a smaller role for insulin sensitivity. IGF-I and insulin sensitivity were negatively associated and zygosity did not influence this association, which suggest an important role of environmental factors driving the relationship, but long-term longitudinal studies are needed to explore this in detail.
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